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Abstract
Patients with IgA nephropathy (IgAN) have elevated circulating levels of IgA1 with some O-glycans consisting of galactose
(Gal)-deficient N-acetylgalactosamine (GalNAc) with or without N-acetylneuraminic acid (NeuAc). We have analyzed Oglycosylation heterogeneity of naturally asialo-IgA1 (Ale) myeloma protein that mimics Gal-deficient IgA1 (Gd-IgA1) of
patients with IgAN, except that IgA1 O-glycans of IgAN patients are frequently sialylated. Specifically, serum IgA1 of healthy
controls has more a2,3-sialylated O-glycans (NeuAc attached to Gal) than a2,6-sialylated O-glycans (NeuAc attached to
GalNAc). As IgA1-producing cells from IgAN patients have an increased activity of a2,6-sialyltransferase (ST6GalNAc), we
hypothesize that such activity may promote premature sialylation of GalNAc and, thus, production of Gd-IgA1, as sialylation
of GalNAc prevents subsequent Gal attachment. Distribution of NeuAc in IgA1 O-glycans may play an important role in the
pathogenesis of IgAN. To better understand biological functions of NeuAc in IgA1, we established protocols for enzymatic
sialylation leading to a2,3- or a2,6-sialylation of IgA1 O-glycans. Sialylation of Gal-deficient asialo-IgA1 (Ale) myeloma
protein by an ST6GalNAc enzyme generated sialylated IgA1 that mimics the Gal-deficient IgA1 glycoforms in patients with
IgAN, characterized by a2,6-sialylated Gal-deficient GalNAc. In contrast, sialylation of the same myeloma protein by an a2,3sialyltransferase yielded IgA1 typical for healthy controls, characterized by a2,3-sialylated Gal. The GalNAc-specific lectin
from Helix aspersa (HAA) is used to measure levels of Gd-IgA1. We assessed HAA binding to IgA1 sialylated at Gal or GalNAc.
As expected, a2,6-sialylation of IgA1 markedly decreased reactivity with HAA. Notably, a2,3-sialylation also decreased
reactivity with HAA. Neuraminidase treatment recovered the original HAA reactivity in both instances. These results suggest
that binding of a GalNAc-specific lectin is modulated by sialylation of GalNAc as well as Gal in the clustered IgA1 O-glycans.
Thus, enzymatic sialylation offers a useful model to test the role of NeuAc in reactivities of the clustered O-glycans with
lectins.
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O-glycosylation is the transfer of N-acetylgalactosamine (GalNAc)
to Ser/Thr residues catalyzed by UDP-GalNAc-polypeptide Nacetylgalactosaminyltransferases (GalNAc-Ts). The attached GalNAc, also called Tn antigen, can be extended by core 1 b1,3galactosyltransferase (C1GalT1) that adds galactose (Gal) to
GalNAc to form the core 1 structure (GalNAc-Gal disaccharide,
called T antigen). An a2,6-sialyltransferase (ST6GalNAc; in
human B cells it is exclusively ST6GalNAcII that has similar
specificity as the ST6GalNAcI isoform) can produce sialylated
GalNAc, called sialyl-Tn antigen, by adding N-acetylneuraminic
acid (NeuAc) residue to GalNAc, whereas Gal can be sialylated by
a2,3-sialyltransferases (e.g., ST3Gal1) to form sialyl-T antigen.
Sialic acids occupy the terminal positions of many glycan chains of

Introduction
Glycosylation is one of the most common post-translational
modifications of proteins; about half of mammalian proteins are
glycosylated. Notably, immunoglobulins and other glycoproteins
may be abnormally glycosylated in patients with autoimmune and
chronic inflammatory disorders, infectious diseases, or cancer [1–
10]. Consequently, biological functions of differentially glycosylated glycoproteins in health and disease are of growing interest in
biomedical research [11].
Some glycoproteins have clustered sites of O-glycosylation in the
segments rich in serine (Ser) and threonine (Thr). Mucins, such as
membrane-associated MUC1 or secreted mucins, are prototypes
of heavily O-glycosylated proteins. The initial step in mucin-type
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glycoproteins and contribute to a wide variety of biological
functions and disease states [12,13]. Abnormalities in mucin Oglycosylation, including terminal sialylation, are common in some
types of cancer [10]. Increased amounts of sialyl-Tn and sialyl-T
antigens have been reported in cancer cells [10,14–19], with
sialylated O-glycans being associated with higher growth rates [20]
and the metastatic process [21,22] and interactions with cellsurface receptors [23].
Human IgA is represented by two structurally and functionally
distinct subclasses, IgA1 and IgA2 [24]. Notably, IgA1, but not
IgA2, possesses a 19-amino-acid hinge region (HR) with 9
potential O-glycosylation sites; 3 to 6 core 1 O-glycans are
attached per HR [25–31] (Figure 1A,B). Primary IgA nephropathy
(IgAN), the most common type of primary glomerulonephritis
worldwide, is an immune-complex-mediated disease characterized
by the presence of glomerular IgA-containing immunodeposits
[32–36]. These deposits may be derived from IgA1-containing
circulating immune complexes (CIC), often present at increased
levels in patients with IgAN [37–43]. IgA1-containing CIC in
patients with IgAN are characterized by Gal-deficient HR Olinked glycans of IgA1 (Gd-IgA1) [40,41,43]. These Gal-deficient
O-glycans with terminal or sialylated GalNAc are recognized by
anti-glycan antibodies, resulting in production of nephritogenic
immune complexes that may deposit in the glomeruli, activate
mesangial cells, and induce tissue injury [41,43–45]. It has been
shown that IgA1-producing cells from IgAN patients are
responsible for the production of Gd-IgA1 due to the altered
expression and activity of specific glycosyltransferases: decreased
for C1GalT1 and elevated for ST6GalNAcII. Consequently, in
IgAN patients the circulating levels of Gd-IgA1 with sialylated and
terminal GalNAc are elevated. There are two possible mechanisms
for the increased amount of sialyl-Tn antigen in IgA1 HR Oglycans in IgAN. In the first, augmented addition of NeuAc to
GalNAc prevents further a later addition of Gal (premature
sialylation); we have shown that greater activity of ST6GalNAcII is
critical for the production of Gd-IgA1 [46–48]. Alternatively, Galdeficient GalNAc residues may be due only to decreased C1GalT1
activity and the oversialylation of GalNAc residues would thus be a
consequence of inefficient galactosylation.
Studies of sialylation of the IgA1 O-glycans in IgAN reported
variable findings, ranging from increased [40,41,47,49–51] to
decreased [52–56] sialylation. Several groups have examined the
role of sialylated IgA1 O-glycans in mesangial deposition; however,
results of these studies have been inconclusive. Some studies
suggested that oversialylation of IgA1 increased the negative
charge of the molecule and thus increased the affinity of such IgA1
to bind mesangial cells [49,51,57]. In contrast, others reported that
the decreased amount of NeuAc and Gal in IgA1-HR O-glycans
enhanced affinity to extracellular matrix proteins in the mesangium [58–61]. Notably, two studies of IgA1 eluted from isolated
glomeruli have identified less NeuAc in the mesangial IgA1 that
was enriched for Gd-IgA1 [62,63]. Furthermore, serum IgA1 from
healthy controls has more a2,3-sialylated O-glycans than a2,6sialylated O-glycans [31]. Thus, we speculate that distribution and
sites of attachment of NeuAc in IgA1 O-glycans may play an
important role in the pathogenesis of IgAN, as IgA1-HR O-glycans
may have both a2,3- and a2,6-linked NeuAc.
To better assess the biological importance of NeuAc in the IgA1
HR, we established protocols for enzymatic sialylation leading to
a2,6- or a2,3-sialylation of GalNAc and Gal, respectively.
Enzymatic sialylation of terminal GalNAc of Gal-deficient
asialo-IgA1 (Ale) myeloma protein generated sialylated IgA1 that
mimics the Gal-deficient IgA1 glycoforms in patients with IgAN,
characterized by a2,6-sialylated GalNAc. We also used the same
PLOS ONE | www.plosone.org

IgA1 myeloma protein, as it has some of the clustered O-glycans
with Gal [30], as an acceptor for a2,3-sialylation of Gal residues
and generated IgA1 with a2,3-sialylated Gal typical for healthy
controls. Surprisingly, reactivity with Helix aspersa agglutinin
(HAA), which is specific for terminal GalNAc and is used in
ELISA to measure levels of Gd-IgA1 [40,41,64], markedly
decreased not only after a2,6-sialylation of GalNAc but also after
a2,3-sialylation of Gal in IgA1 HR O-glycans. This finding is, we
believe, the first demonstration that binding of GalNAc-specific
lectin is modulated by sialylation of Gal-containing glycans in the
clustered O-glycans of IgA1 with terminal GalNAc. Thus, this
experimental approach is useful for testing the effects of NeuAc in
clustered IgA1 O-glycans on lectin recognition.

Materials and Methods
Recombinant Glycosyltransferases
Soluble forms of recombinant human GalNAc-T2 and
ST6GalNAcI were produced in insect cells Sf9 or human HEK
293T cells [65]. Recombinant ST3Gal1 was purchased from
Calbiochem (La Jolla, CA).

Acceptors for Enzyme Reactions
A panel of synthetic HR (sHR) (glyco)peptides with no GalNAc,
a single GalNAc residue at five different sites, or five GalNAc
residues [28] was used as enzyme acceptors for GalNAc-T2. We
confirmed that preexisting sites of glycosylation on the sHR
glycopeptides did not affect kinetics of the GalNAc-T2 reactions
(Figure S1). Thus, sHR peptide, corresponding to the amino-acid
sequence of the human IgA1 HR, was synthesized by and
purchased from Bachem (Torrance, CA). The following sHR
peptide was used as the acceptor for GalNAc-T2:
VPSTPPTPSPSTPPTPSPSCCHPR-OH. The enzyme reaction
mixture contained 25 mM Tris-HCl (pH 7.4), 5 mM MnCl2,
250 mM UDP-GalNAc (Sigma, St. Louis, MO), 15 mM acceptor
sHR substrate or sHR glycopeptides, and the purified enzyme in a
final volume of 25 mL. The reaction mixture was incubated at
37uC, samples were collected at different time points, and the
reactions were stopped by boiling. Recombinant GalNAc-T2
added 3 to 7 GalNAc residues to sHR in 15 min. The polymeric
form of IgA1 (Ale) myeloma protein had been previously isolated
from plasma of a patient with multiple myeloma [47]. Briefly, the
plasma sample was precipitated with ammonium sulfate (50%
saturation) and dissolved in phosphate buffer, and IgG and IgM
were removed by affinity chromatography with protein G and
anti-human IgM antibodies, respectively [66]. Next, size-exclusion
chromatography on a column of Ultrogel AcA22 (Amersham
Biosciences, Piscataway, NJ) was used to isolate polymeric IgA1.
The final purification step included FPLC separation of the
polymeric form of IgA1 on a column of Sephacryl 300. We
previously reported that the IgA1 (Ale) myeloma protein used in
this study was naturally without sialic acid on O-glycans [30].

Sialyltransferase Reactions
sHR (15 mM) with 3 to 7 GalNAc residues or 2 mg of purified
IgA1 (Ale) myeloma protein was incubated with 2 ml of ST3Gal1
or ST6GalNAcI overnight at 37uC in a total volume of 20 ml
reaction buffer (50 mM MES buffer, pH 6.5, 2 mM CaCl2, 2 mM
MnCl2, 10 mM MgCl2, 5 mM CMP-NeuAc). The sialyltransferase reaction with the sHR acceptor with 3 to 7 GalNAc residues
was terminated by boiling. The enzyme reaction with IgA1
myeloma protein as acceptor was terminated by snap-freezing the
samples at 280uC [67].
2
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Figure 1. Structure of IgA1 and the hinge-region (HR) amino-acid sequence. (A) Monomeric IgA1 and its HR with nine possible sites of Oglycan attachment and the Fc portion of heavy chain with two N-glycans. Underlined serine (S) and threonine (T) residues in HR are frequently
glycosylated [26,30,31]. Arrows show cleavage sites of trypsin and two IgA-specific proteases (from Clostridium ramosum AK183 and Haemophilus
influenzae HK50). (B) O-glycan variants of circulatory IgA1:1, Tn antigen; 2, sialyl-Tn antigen; 3, T antigen; 4, a3-sialyl-T antigen; 5, a6-sialyl-T antigen; 6,
disialyl-T antigen. Abbreviations: GalNAc, N-acetylgalactosamine; Gal, galactose; NeuAc, N-acetylneuraminic acid.
doi:10.1371/journal.pone.0099026.g001

that differ in the cleavage site; see Figure 1A), followed by trypsin
cleavage, to release IgA1 HR glycopeptides [30,31]. The digests
were desalted by use of a C18 spin column (Pierce, Rockford, IL)
before mass spectrometric (MS) analyses.

SDS-PAGE
IgA1 (Ale) myeloma protein starting samples and enzymatically
sialylated IgA1 samples were cleaved with IgA-specific protease
from Clostridium ramosum AK183 (recombinant enzyme produced
in Escherichia coli) and were separated by SDS-PAGE using 4–15%
gradient slab gels (Bio-Rad, Hercules, CA) under reducing
conditions; the proteins were detected by silver staining.

High-resolution MS Analysis
On-line LC was performed by use of an Eksigent MicroAS
autosampler and 2D LC nanopump (Eksigent, Dublin, CA). Onehundred-fifty nanograms of digested IgA1 were loaded onto a 100mm-diameter, 11-cm column pulled tip packed with Jupiter 5-mm
C18 reversed-phase beads (Phenomenex, Torrance, CA). The
digests were then eluted with an acetonitrile gradient from 5 to
30% in 0.1% formic acid over 50 min at 650 nL min21. Linear
quadrupole ion trap Orbitrap Velos (Orbitrap) mass spectrometry
(Thermo Fisher Scientific, San Jose, CA) parameters were as
described previously [30,31]. Briefly, Orbitrap parameters were
set to normal mass range (MS1, 300, m/z ,1800) with a 50,000
resolution scan followed by five data-dependent collision-induced
dissociation tandem MS scans per cycle in profile mode. Dynamic
exclusion was set to exclude ions for 2 min after a repeat count of
three within a 45-sec duration. All spectra were analyzed by use of
Xcalibur Qual Browser 2.1 (Thermo Fisher Scientific) software.
Identified IgA1 HR O-glycopeptides were checked against
theoretical values by use of GlycoMod tool (http://www.expasy.
org). Known IgA1 HR amino-acid sequences produced by the
combination of IgA-specific protease+trypsin digestions were
inputted with trypsin enzyme and 0 missed cleavage sites. Hexose,
N-acetylhexosamine (HexNAc) and NeuAc monosaccharide residues were all selected as possible (variable) additions to the IgA
HR peptides with a mass tolerance of 10 ppm.

HAA Lectin-ELISA
F(ab’)2 fragment of goat anti-human IgA (Jackson ImmunoResearch, West Grove, PA) at a concentration of 3 mg/ml was
coated onto the wells of Costar 96-well plates (Corning Inc.,
Corning, NY). Plates were blocked overnight at 4uC with 2% BSA
(Sigma-Aldrich, St. Louis, MO) in PBS containing 0.05% Tween
20 (v/v). Samples of IgA1 diluted in the blocking buffer were
added to each well and incubated overnight at 4uC. For
neuraminidase treatment, the captured IgA was subsequently
desialylated by treatment for 3 h at 37uC with 10 mU/ml
neuraminidase from Vibrio cholerae (Roche, Basel, Switzerland) in
10 mM sodium acetate buffer, pH 5 [40]. Samples were analyzed
with and without neuraminidase treatment. Samples were then
incubated for 3 h at 37uC with GalNAc-specific biotinylated HAA
lectin (Sigma-Aldrich) diluted 1:500 in blocking buffer
[45,47,64,66]. The bound lectin was detected with avidinhorseradish peroxidase conjugate, and the reaction was developed.
HAA binding to IgA1 was expressed relative to the standard IgA1
(Ale) myeloma protein [45,47].

Proteolytic Release of IgA-HR Glycopeptides
IgA1 proteins were treated with an IgA-specific protease (from
Clostridium ramosum AK183 or from Haemophilus influenzae HK50
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previously analyzed IgA1-HR O-glycoforms of normal human
serum IgA1 and found that most T antigens was a2,3-sialylated
[31]. Thus, such an enzymatically a2,3-sialylated IgA1 mimics
IgA1 from normal human serum.

Results
Enzymatic a2,6 Sialylation of Synthetic HR (sHR) with
GalNAc Residues
We successfully produced a recombinant soluble form of
enzymatically active ST6GalNAcI. This enzyme can sialylate
GalNAc of glycoproteins, similarly as does the ST6GalNAcII
isoform expressed in human IgA1-producing cells. sHR glycopeptide with 3 to 7 GalNAc residues, generated from sHR in GalNAcT2 reaction for 15 min, was used as an acceptor substrate for
ST6GalNAcI (Figure 2A). ST6GalNAcI added three to six NeuAc
residues to sHR peptides with three to seven GalNAc residues,
with at least one GalNAc remaining without NeuAc (Figure 2B).

Model of Distinct a2,3/a2,6-sialylated IgA1 HR Oglycoforms
To establish protocols for enzymatic sialylation of either Gal or
GalNAc in IgA1-HR clustered O-glycans, asialo-IgA1 (Ale)
myeloma protein was sialylated using ST3Gal1 or ST6GalNAcI,
respectively. Significant changes in SDS-PAGE mobility after
sialyltransferase reactions of IgA1 Fc fragment produced by IgAspecific protease from Clostridium ramosum AK183 indicated that
both ST3Gal1 and ST6GalNAcI added NeuAc to IgA1 HR Oglycans (Figure 5). Enzymatic sialylation of Gal-deficient asialoIgA1 (Ale) myeloma protein thus generated sialylated IgA1 that
mimics the Gal-deficient IgA1 glycoforms in patients with IgAN,
characterized by a2,6-sialylated GalNAc, or the IgA1 typical for
healthy controls, characterized by a2,3-sialylated Gal.

Enzymatic a2,3 Sialylation of Native IgA1 Protein
ST3Gal1 adds sialic acid to the Gal residue of T antigen
(GalNAc-Gal). To determine whether recombinant ST3Gal1 adds
NeuAc residues to clustered O-glycans of IgA1, we used naturally
sialic-acid-deficient IgA1 (Ale) myeloma protein, with three to six
O-glycans with up to five T antigens, as an acceptor substrate
(Figure 3A). Our analysis showed that ST3Gal1 added NeuAc
residues to all five T antigens in the clustered HR O-glycans
(Figure 3B). IgA-specific protease from Haemophilus influenzae HK50
and trypsin produced N-terminal 24-mer glycopeptides (His208Pro231) and C-terminal 14-mer glycopeptides (Ser232-Arg245)
(Figure 1A). To determine whether ST3Gal1 added NeuAc
residue to only Gal residues, Ser232-Arg245 HR glycopeptide with
GalNAc1Gal1NeuAc1 was subjected to online liquid chromatography (LC) collision-induced dissociation (CID) tandem mass
spectrometry (MS/MS) (Figure 4A,B). Primary absence of NeuAc
in the precursor ion indicated that NeuAc was attached to Gal to
form a linear trisaccharide (GalNAc-Gal-NeuAc) (Figure 4B).
Additionally, the presence of a Gal-NeuAc oxonium ion further
confirmed that the addition was the linear trisaccharide. We have

Lectin Binding to Sialylated IgA1
A GalNAc-specific lectin, HAA, is used in ELISA to measure
levels of Gd-IgA1. Notably, a2,6- as well as a2,3-sialylation of
IgA1 HR O-glycans markedly decreased reactivity with HAA
(Figure 6). Neuraminidase treatment recovered the original HAA
reactivity. These results thus suggest that binding of GalNAcspecific lectin is affected not only by sialylation of GalNAc but also
by sialylation of Gal in the clustered O-glycans of Gal-deficient
IgA1.

Discussion
Patients with IgAN have elevated circulating levels of IgA1 with
some O-glycans consisting of terminal or sialylated GalNAc. We

Figure 2. MS analysis of sialylation of GalNAcosylated synthetic HR glycopeptides (sHR) by ST6GalNAcI. (A) Acceptor sHR
glycopeptides for ST6GalNAcI with 3 to 7 GalNAc residues were generated by recombinant GalNAc-T2 after a 15-min reaction. (B) sHR glycopeptides
produced after over-night reaction with ST6GalNAcI. Symbols: GalNAc, square; NeuAc, diamond. Red symbols: glycopeptides ionized as 4+ ions; Blue
symbols: glycopeptides ionized as 3+ ions.
doi:10.1371/journal.pone.0099026.g002
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Figure 3. MS analysis of sialylation by ST3Gal1 of IgA1 myeloma protein that is naturally sialic-acid-deficient. (A) HR O-glycan profile
of IgA1 (Ale) myeloma protein. The number of O-glycans was assigned based on the masses of the amino-acid sequence, GalNAc (empty squares), Gal
(full circles), and NeuAc (full diamonds). The O-glycans of the protein are minimally sialylated. All HR O-glycoforms are ionized as triply charged ions.
(B) HR O-glycan profile of IgA1 (Ale) myeloma protein after over-night sialylation reaction with ST3Gal1. The enzyme added NeuAc residues to the Oglycans of Ale myeloma protein. All HR O-glycoforms are ionized as quadruply charged ions.
doi:10.1371/journal.pone.0099026.g003

by IgA1-producing cells from IgAN patients contained terminal
and sialylated GalNAc [47]. Furthermore, our high-resolution MS
analysis showed that IgA1 from healthy controls had more a2,3sialylated O-glycans than a2,6-sialylated O-glycans [31]. We
speculate that distribution of NeuAc in IgA1 O-glycans may play
an important role in the pathogenesis of IgAN, as IgA1-HR Oglycans have a2,3- as well as a2,6-linked NeuAc. To study the
effect of NeuAc in the IgA1 HR on lectin binding, we established
protocols for enzymatic sialylation leading to a2,3- or a2,6sialylation of Gal and GalNAc, respectively. These protocols allow
linkage-specific sialylation to assess the effect of the respective type
of sialylation on IgA1 lectin recognition.
Biological roles of NeuAc in clustered O-glycans of IgA1 are not
fully understood. NeuAc residues in IgA1 HR O-glycans influence

have previously analyzed O-glycosylation of naturally sialic-aciddeficient IgA1 (Ale) myeloma protein that mimics the aberrant (i.e.,
Gal-deficient) IgA1 in patients with IgAN, although HR O-glycans
of circulatory IgA1 are frequently sialylated. It has been suggested
that the anionic nature of IgA1 may promote mesangial IgA1
deposition [68,69] and the anionic character of IgA1 is in
agreement with less NeuAc in IgA1 HR O-glycans [47,49–51].
However, IgA1 eluted from isolated glomeruli has decreased level
of NeuAc compared to IgA1 in the circulation of the corresponding IgAN patients [62,63]. These observations of altered sialylation
of IgA1 O-glycans have become a significant area of interest in the
pathogenesis of IgAN. We have reported that IgA1-producing cells
from IgAN patients have increased expression of ST6GalNAcII,
an isoform closely related to ST6GalNAcI, and that IgA1 secreted
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Figure 4. LC-CID fragmentation of IgA1 Ser232-Arg245 (HR) with GalNAc1Gal1NeuAc1. (A) Ser232-Arg245 HR O-glycan profile of IgA1 (Ale)
myeloma protein enzymatically sialylated with ST3Gal1. (B) LC-CID tandem MS spectrum of Ser232-Arg245 with GalNAc1Gal1NeuAc1. Absence of
sialylated GalNAc (shown in blue parenthesis) indicates that NeuAc is attached to Gal (by an a2,3-linkage) in the precursor ion. Additionally, the
presence of the Gal-NeuAc oxonium ion confirms the attachment of the NeuAc to Gal.
doi:10.1371/journal.pone.0099026.g004

the affinity of IgA1 to some receptors. For example, binding of
IgA1 to asialoglycoprotein receptor (ASGP-R) is reduced by
sialylation of IgA1 [70–75]. It also has been suggested that

enhanced sialylation of IgA1 extended its half-life in the circulation
due to reduced clearance [1,49,51].
The association of recurrent macroscopic hematuria with
upper-respiratory-tract infections in IgAN patients led to the
suggestion that the production of pathogenic IgA1 may be related

Figure 5. SDS-PAGE of IgA1 (Ale) myeloma protein. IgA1
proteins were separated by SDS-PAGE under reducing conditions and
the protein bands were silver stained. IgA1 was untreated or sialylated
with ST3Gal1 (ST3) or ST6GalNAcI (ST6) sialyltransferases and the Fc and
Fd fragments of the heavy chains were generated using IgA-specific
protease from Clostridium ramosum AK183 (see Fig. 1). Mobility change
of Fc fragments after sialyltransferase reactions confirmed sialylation of
HR O-glycans.
doi:10.1371/journal.pone.0099026.g005

PLOS ONE | www.plosone.org

Figure 6. HAA reactivity of IgA1 (Ale) myeloma protein with
(N+) or without (N-) neuraminidase treatment. HAA lectin binding
to Gal-deficient IgA1 (Ale) in ELISA is reduced by sialylation of GalNAc as
well as of Gal by specific sialyltransferases. HAA binding to an untreated
IgA1 protein is set to 100%.
doi:10.1371/journal.pone.0099026.g006
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to abnormal handling of mucosal antigens. Gd-IgA1 in the
patients with IgAN is found almost exclusively in CIC bound to
IgG or IgA1 antiglycan antibodies [37–41]. We recently have
shown that these IgG antibodies recognize GalNAc-containing
epitopes on the Gal-deficient HR O-glycans of IgA1 [43]. As to the
origin of these antibodies, it has been suggested that they may
primarily recognize GalNAc-containing epitopes on viruses (e.g.,
Epstein-Barr virus) or bacteria (streptococci) and that they happen
to cross-react with glycans on Gd-IgA1 [76]. As surfaces of
microbes can be sialylated [77], NeuAc in IgA1-HR O-glycans
may play an important role in the recognition by specific
antibodies against the HR of Gd-IgA1. Our enzymatic sialylation
protocol in conjunction with MS/MS analyses of the resultant
products will be useful for the molecular studies of the glycoprotein
or glycopeptide structures that may exhibit strong affinity to
glycan-specific antibodies recognizing Gd-IgA1.
IgA-specific proteases are proteolytic enzymes that cleave
specific peptide bonds in the human IgA HR [78]. Several species
of pathogenic bacteria secrete IgA-specific proteases at mucosal
sites of infection that neutralize effector functions of human IgA1
and thereby eliminate an important aspect of host defense. Thus,
IgA-specific proteases are considered virulence factors, as they
prevent effective IgA-mediated immune defense that requires
intact IgA [78–80]. Importantly, some of these bacteria (e.g.,
Streptococcus pneumoniae) also secrete neuraminidase [80–84] that
removes sialic acid in the first step of the breakdown of soluble
mucins as well as cell-surface glycoconjugates [13]. It is thus
conceivable that structural changes by desialylation of IgA1 may
facilitate the recognition of Gd-IgA1 HR O-glycans by antiglycan
IgG. This hypothesis may explain the association of macroscopic
hematuria with upper-respiratory-tract infections. In this setting,
the amount of circulating antiglycan autoantibodies presumably
increases due to the infection. The antibodies bind to Gd-IgA1,
resulting in formation of IgA1-IgG complexes, with subsequent
renal deposition, mesangial cell activation, and glomerular injury
(for review, see [36]).
We have developed a new model for sugar-specific sialylation of
IgA1 O-glycans and showed that GalNAc recognition by HAA

lectin is modulated by sialylation of not only GalNAc but also of
Gal in the clustered IgA1 O-glycans. We envision that our
enzymatic sialylation protocol will be useful for the study the
biological roles of sialic acid in IgA1-HR O-glycans. Moreover,
characterizing IgA1-HR glycoforms, including sialylation, is
important for understanding the pathogenesis of IgAN and
developing disease-specific biomarkers [85].

Supporting Information
Figure S1 The amount of GalNAc residues attached to
HR acceptor substrates in the time-course study with
GalNAc-T2. The amount of GalNAc attached to acceptor
substrates was calculated based on the relative abundance of each
glycoform. The following HR glycopeptides with a single GalNAc
residue at different sites were used as enzyme acceptors: 4-HP:
VPST(GalNAc)PPTPSPSTPPTPSPS, 7-HP: VPSTPPT(GalNAc)PSPSTPPTPSPS,
9-HP:
VPSTPPTPS(GalNAc)PSTPPTPSPS,
11-HP:
VPSTPPTPSPS(GalNAc)TPPTPSPS, 15-HP: VPSTPPTPSPSTPPT(GalNAc)PSPS.
A synthetic HR peptide and HR glycopeptide with five GalNAc
residues
attached
were
also
used:
HP:
VPSTPPTPSPSTPPTPSPS;
All-HP:VPST(GalNAc)PPT(GalNAc)PS(GalNAc)PS(GalNAc)TPPT(GalNAc)PSPS.
(TIF)

Acknowledgments
We appreciate the assistance of Ms. Rhubell Brown with purification of
IgA1 (Ale) myeloma protein.

Author Contributions
Conceived and designed the experiments: KT MR MSH SDH KP MK
YH YY ZM BAJ MBR JN. Performed the experiments: KT MR MSH
SDH ZM. Analyzed the data: KT BAJ MBR JN. Contributed reagents/
materials/analysis tools: MR MSH KP MK YH YY. Wrote the paper: KT
MR MSH SDH KP MK YH YY ZM BAJ MBR JN.

References
13. Varki A and Gagneux P (2012) Multifarious roles of sialic acids in immunity.
Ann N Y Acad Sci 1253: 16–36.
14. Schmitt FC, Figueiredo P, Lacerda M (1995) Simple mucin-type carbohydrate
antigens (T, sialosyl-T, Tn and sialosyl-Tn) in breast carcinogenesis. Virchows
Archiv 427: 251–258.
15. Sewell R, Backstrom M, Dalziel M, Gschmeissner S, Karlsson H, et al. (2006)
The ST6GalNAc-I sialyltransferase localizes throughout the Golgi and is
responsible for the synthesis of the tumor-associated sialyl-Tn O-glycan in
human breast cancer. J Biol Chem 281: 3586–3594.
16. Brockhausen I (2006) Mucin-type O-glycans in human colon and breast cancer:
glycodynamics and functions. EMBO Rep 7: 599–604.
17. Pinho S, Marcos NT, Ferreira B, Carvalho AS, Oliveira MJ, et al. (2007)
Biological significance of cancer-associated sialyl-Tn antigen: modulation of
malignant phenotype in gastric carcinoma cells. Cancer Lett 249: 157–170.
18. Storr SJ, Royle L, Chapman CJ, Hamid UM, Robertson JF, et al. (2008) The Olinked glycosylation of secretory/shed MUC1 from an advanced breast cancer
patient’s serum. Glycobiology 18: 456–462.
19. Picco G, Julien S, Brockhausen I, Beatson R, Antonopoulos A, et al. (2010)
Over-expression of ST3Gal-I promotes mammary tumorigenesis. Glycobiology
20: 1241–1250.
20. Mungul A, Cooper L, Brockhausen I, Ryder K, Mandel U, et al. (2004)
Sialylated core 1 based O-linked glycans enhance the growth rate of mammary
carcinoma cells in MUC1 transgenic mice. Int J Oncol 25: 937–943.
21. Bresalier RS, Ho SB, Schoeppner HL, Kim YS, Sleisenger MH, et al. (1996)
Enhanced sialylation of mucin-associated carbohydrate structures in human
colon cancer metastasis. Gastroenterology 110: 1354–1367.
22. Schindlbeck C, Jeschke U, Schulze S, Karsten U, Janni W, et al. (2005)
Characterisation of disseminated tumor cells in the bone marrow of breast
cancer patients by the Thomsen-Friedenreich tumor antigen. Histochem Cell
Biol 123: 631–637.

1. Mestecky J, Tomana M, Crowley-Nowick PA, Moldoveanu Z, Julian BA, et al.
(1993) Defective galactosylation and clearance of IgA1 molecules as a possible
etiopathogenic factor in IgA nephropathy. Contrib Nephrol 104: 172–182.
2. Moore JS, Wu X, Kulhavy R, Tomana M, Novak J, et al. (2005) Increased levels
of galactose-deficient IgG in sera of HIV-1-infected individuals. AIDS 19: 381–
389.
3. Rademacher TW, Williams P, Dwek RA (1994) Agalactosyl glycoforms of IgG
autoantibodies are pathogenic. Proc Natl Acad Sci U S A 91: 6123–6127.
4. Springer GF (1984) T and Tn, general carcinoma autoantigens. Science 224:
1198–1206.
5. Troelsen LN, Garred P, Madsen HO, Jacobsen S (2007) Genetically determined
high serum levels of mannose-binding lectin and agalactosyl IgG are associated
with ischemic heart disease in rheumatoid arthritis. Arthritis Rheum 56: 21–29.
6. Mestecky J, Raska M, Julian BA, Gharavi AG, Renfrow MB, et al. (2013) IgA
Nephropathy: Molecular Mechanisms of the Disease. Annu Rev Pathol Mech
Dis 8: 217–240.
7. Xue J, Zhu LP, Wei Q (2013) IgG-Fc N-glycosylation at Asn297 and IgA Oglycosylation in the hinge region in health and disease. Glycoconj J 30: 735–745.
8. Novak J, Renfrow MB, Gharavi AG, Julian BA (2013) Pathogenesis of
immunoglobulin A nephropathy. Curr Opin Nephrol Hypertens 22: 287–294.
9. Scott DW, Patel RP (2013) Endothelial heterogeneity and adhesion molecules Nglycosylation: implications in leukocyte trafficking in inflammation. Glycobiology 23: 622–633.
10. Stuchlova Horynova M, Raska M, Clausen H, Novak J (2013) Aberrant Oglycosylation and anti-glycan antibodies in an autoimmune disease IgA
nephropathy and breast adenocarcinoma. Cell Mol Life Sci 70: 829–839.
11. Rudd PM, Elliott T, Cresswell P, Wilson IA, Dwek RA (2001) Glycosylation and
the immune system. Science 291: 2370–2376.
12. Varki A (2008) Sialic acids in human health and disease. Trends Mol Med 14:
351–360.

PLOS ONE | www.plosone.org

7

June 2014 | Volume 9 | Issue 6 | e99026

Enzymatic Sialylation of IgA1 O-Glycans

51. Leung JC, Tang SC, Chan DT, Lui SL, Lai KN (2002) Increased sialylation of
polymeric lambda-IgA1 in patients with IgA nephropathy. J Clin Lab Anal 16:
11–19.
52. Odani H, Hiki Y, Takahashi M, Nishimoto A, Yasuda Y, et al. (2000) Direct
evidence for decreased sialylation and galactosylation of human serum IgA1 Fc
O-glycosylated hinge peptides in IgA nephropathy by mass spectrometry.
Biochem Biophys Res Commun 271: 268–274.
53. Horie A, Hiki Y, Odani H, Yasuda Y, Takahashi M, et al. (2003) IgA1
molecules produced by tonsillar lymphocytes are under-O-glycosylated in IgA
nephropathy. Am J Kidney Dis 42: 486–496.
54. Xu LX, Zhao MH (2005) Aberrantly glycosylated serum IgA1 are closely
associated with pathologic phenotypes of IgA nephropathy. Kidney Int 68: 167–
172.
55. Ding JX, Xu LX, Lv JC, Zhao MH, Zhang H, et al. (2007) Aberrant sialylation
of serum IgA1 was associated with prognosis of patients with IgA nephropathy.
Clin Immunol 125: 268–274.
56. Maenuma K, Yim M, Komatsu K, Hoshino M, Tachiki-Fujioka A, et al. (2009)
A library of mutated Maackia amurensis hemagglutinin distinguishes putative
glycoforms of immunoglobulin A1 from IgA nephropathy patients. J Proteome
Res 8: 3617–3624.
57. Leung JC, Tang SC, Lam MF, Chan TM, Lai KN (2001) Charge-dependent
binding of polymeric IgA1 to human mesangial cells in IgA nephropathy.
Kidney Int 59: 277–285.
58. Coppo R, Amore A, Gianoglio B, Reyna A, Peruzzi L, et al. (1993) Serum IgA
and macromolecular IgA reacting with mesangial matrix components. Contrib
Nephrol 104: 162–171.
59. Kokubo T, Hiki Y, Iwase H, Tanaka A, Toma K, et al. (1998) Protective role of
IgA1 glycans against IgA1 self-aggregation and adhesion to extracellular matrix
proteins. J Am Soc Nephrol 9: 2048–2054.
60. Sano T, Hiki Y, Kokubo T, Iwase H, Shigematsu H, et al. (2002) Enzymatically
deglycosylated human IgA1 molecules accumulate and induce inflammatory cell
reaction in rat glomeruli. Nephrol Dial Transplant 17: 50–56.
61. Hiki Y (2009) O-linked oligosaccharides of the IgA1 hinge region: roles of its
aberrant structure in the occurrence and/or progression of IgA nephropathy.
Clin Exp Nephrol 13: 415–423.
62. Hiki Y, Odani H, Takahashi M, Yasuda Y, Nishimoto A, et al. (2001) Mass
spectrometry proves under-O-glycosylation of glomerular IgA1 in IgA
nephropathy. Kidney Int 59: 1077–1085.
63. Allen AC, Bailey EM, Brenchley PE, Buck KS, Barratt J, et al. (2001) Mesangial
IgA1 in IgA nephropathy exhibits aberrant O-glycosylation: observations in
three patients. Kidney Int 60: 969–973.
64. Moldoveanu Z, Wyatt RJ, Lee JY, Tomana M, Julian BA, et al. (2007) Patients
with IgA nephropathy have increased serum galactose-deficient IgA1 levels.
Kidney Int 71: 1148–1154.
65. Horynova M, Takahashi K, Hall S, Renfrow MB, Novak J, et al. (2012)
Production of N-acetylgalactosaminyl-transferase 2 (GalNAc-T2) fused with
secretory signal Igk in insect cells. Protein Expr Purif 81: 175–180.
66. Moore JS, Kulhavy R, Tomana M, Moldoveanu Z, Suzuki H, et al. (2007)
Reactivities of N-acetylgalactosamine-specific lectins with human IgA1 proteins.
Mol Immunol 44: 2598–2604.
67. Raska M, Moldoveanu Z, Suzuki H, Brown R, Kulhavy R, et al. (2007)
Identification and characterization of CMP-NeuAc:GalNAc-IgA1 a2,6-sialyltransferase in IgA1-producing cells. J Mol Biol 369: 69–78.
68. Monteiro RC, Halbwachs-Mecarelli L, Roque-Barreira MC, Noel LH, Berger J,
et al. (1985) Charge and size of mesangial IgA in IgA nephropathy. Kidney Int
28: 666–671.
69. Lai KN, Chui SH, Lewis WH, Poon AS, Lam CW (1994) Charge distribution of
IgA-lambda in IgA nephropathy. Nephron 66: 38–44.
70. Tomana M, Kulhavy R, Mestecky J (1988) Receptor-mediated binding and
uptake of immunoglobulin A by human liver. Gastroenterology 94: 762–770.
71. Stockert RJ (1995) The asialoglycoprotein receptor: relationships between
structure, function, and expression. Physiol Rev 75: 591–609.
72. Basset C, Devauchelle V, Durand V, Jamin C, Pennec YL, et al. (1999)
Glycosylation of immunoglobulin A influences its receptor binding.
Scand J Immunol 50: 572–579.
73. Steirer LM, Park EI, Townsend RR, Baenziger JU (2009) The asialoglycoprotein receptor regulates levels of plasma glycoproteins terminating with sialic acid
a2,6-galactose. J Biol Chem 284: 3777–3783.
74. Moldoveanu Z, Epps JM, Thorpe SR, Mestecky J (1988) The sites of catabolism
of murine monomeric IgA. J Immunol 141: 208–213.
75. Mestecky J, Moldoveanu Z, Tomana M, Epps JM, Thorpe SR, et al. (1989) The
role of the liver in catabolism of mouse and human IgA. Immunol Invest 18:
313–324.
76. Novak J, Julian BA, Tomana M, Mestecky J (2008) IgA glycosylation and IgA
immune complexes in the pathogenesis of IgA nephropathy. Semin Nephrol 28:
78–87.
77. Stephenson AE, Wu H, Novak J, Tomana M, Mintz K, et al. (2002) The Fap1
fimbrial adhesin is a glycoprotein: antibodies specific for the glycan moiety block
the adhesion of Streptococcus parasanguis in an in vitro tooth model. Mol Microbiol
43: 147–157.
78. Mistry D, Stockley RA (2006) IgA1 protease. Int J Biochem Cell Biol 38: 1244–
1248.
79. Kilian M, Reinholdt J, Lomholt H, Poulsen K and Frandsen EV (1996)
Biological significance of IgA1 proteases in bacterial colonization and

23. Julien S, Lagadec C, Krzewinski-Recchi MA, Courtand G, Le Bourhis X, et al.
(2005) Stable expression of sialyl-Tn antigen in T47-D cells induces a decrease of
cell adhesion and an increase of cell migration. Breast Cancer Res Treat 90: 77–
84.
24. Mestecky J, Russell MW (1986) IgA subclasses. Monogr Allergy 19: 277–301.
25. Baenziger J, Kornfeld S (1974) Structure of the carbohydrate units of IgA1
immunoglobulin. II. Structure of the O-glycosidically linked oligosaccharide
units. J Biol Chem 249: 7270–7281.
26. Mattu TS, Pleass RJ, Willis AC, Kilian M, Wormald MR, et al. (1998) The
glycosylation and structure of human serum IgA1, Fab, and Fc regions and the
role of N-glycosylation on Fca receptor interactions. J Biol Chem 273: 2260–
2272.
27. Tarelli E, Smith AC, Hendry BM, Challacombe SJ, Pouria S (2004) Human
serum IgA1 is substituted with up to six O-glycans as shown by matrix assisted
laser desorption ionisation time-of-flight mass spectrometry. Carbohydr Res 339:
2329–2335.
28. Renfrow MB, Cooper HJ, Tomana M, Kulhavy R, Hiki Y, et al. (2005)
Determination of aberrant O-glycosylation in the IgA1 hinge region by electron
capture dissociation Fourier transform-ion cyclotron resonance mass spectrometry. J Biol Chem 280: 19136–19145.
29. Renfrow MB, Mackay CL, Chalmers MJ, Julian BA, Mestecky J, et al. (2007)
Analysis of O-glycan heterogeneity in IgA1 myeloma proteins by Fourier
transform ion cyclotron resonance mass spectrometry: implications for IgA
nephropathy. Anal Bioanal Chem 389: 1397–1407.
30. Takahashi K, Wall SB, Suzuki H, Smith AD, Hall S, et al. (2010) Clustered Oglycans of IgA1: Defining macro- and micro-heterogeneity by use of electron
capture/transfer dissociation. Mol Cell Proteomics 9: 2545–2557.
31. Takahashi K, Smith AD, Poulsen K, Kilian M, Julian BA, et al. (2012) Naturally
occurring structural isomers in serum IgA1 O-glycosylation. J Proteome Res 11:
692–702.
32. Berger J and Hinglais N (1968) [Intercapillary deposits of IgA-IgG]. Urol
Nephrol (Paris) 74: 694–695.
33. Conley ME, Cooper MD, Michael AF (1980) Selective deposition of
immunoglobulin A1 in immunoglobulin A nephropathy, anaphylactoid purpura
nephritis, and systemic lupus erythematosus. J Clin Invest 66: 1432–1436.
34. Julian BA, Waldo FB, Rifai A, Mestecky J (1988) IgA nephropathy, the most
common glomerulonephritis worldwide. A neglected disease in the United
States? Am J Med 84: 129–132.
35. Donadio JV, Grande JP (2002) IgA nephropathy. N Engl J Med 347: 738–748.
36. Wyatt RJ, Julian BA (2013) IgA nephropathy. N Engl J Med 368: 2402–2414.
37. Czerkinsky C, Koopman WJ, Jackson S, Collins JE, Crago SS, et al. (1986)
Circulating immune complexes and immunoglobulin A rheumatoid factor in
patients with mesangial immunoglobulin A nephropathies. J Clin Invest 77:
1931–1938.
38. Coppo R, Basolo B, Piccoli G, Mazzucco G, Bulzomi MR, et al. (1984) IgA1
and IgA2 immune complexes in primary IgA nephropathy and HenochSchonlein nephritis. Clin Exp Immunol 57: 583–590.
39. Schena FP, Pastore A, Ludovico N, Sinico RA, Benuzzi S, et al. (1989) Increased
serum levels of IgA1-IgG immune complexes and anti-F(ab’)2 antibodies in
patients with primary IgA nephropathy. Clin Exp Immunol 77: 15–20.
40. Tomana M, Matousovic K, Julian BA, Radl J, Konecny K, et al. (1997)
Galactose-deficient IgA1 in sera of IgA nephropathy patients is present in
complexes with IgG. Kidney Int 52: 509–516.
41. Tomana M, Novak J, Julian BA, Matousovic K, Konecny K, et al. (1999)
Circulating immune complexes in IgA nephropathy consist of IgA1 with
galactose-deficient hinge region and antiglycan antibodies. J Clin Invest 104: 73–
81.
42. Novak J, Tomana M, Matousovic K, Brown R, Hall S, et al. (2005) IgA1containing immune complexes in IgA nephropathy differentially affect
proliferation of mesangial cells. Kidney Int 67: 504–513.
43. Suzuki H, Fan R, Zhang Z, Brown R, Hall S, et al. (2009) Aberrantly
glycosylated IgA1 in IgA nephropathy patients is recognized by IgG antibodies
with restricted heterogeneity. J Clin Invest 119: 1668–1677.
44. Suzuki H, Kiryluk K, Novak J, Moldoveanu Z, Herr AB, et al. (2011) The
pathophysiology of IgA nephropathy. J Am Soc Nephrol 22: 1795–1803.
45. Berthoux F, Suzuki H, Thibaudin L, Yanagawa H, Maillard N, et al. (2012)
Autoantibodies targeting galactose-deficient IgA1 associate with progression of
IgA nephropathy. J Am Soc Nephrol 23: 1579–1587.
46. Novak J, Julian BA, Tomana M, Mestecky J (2001) Progress in molecular and
genetic studies of IgA nephropathy. J Clin Immunol 21: 310–327.
47. Suzuki H, Moldoveanu Z, Hall S, Brown R, Vu HL, et al. (2008) IgA1-secreting
cell lines from patients with IgA nephropathy produce aberrantly glycosylated
IgA1. J Clin Invest 118: 629–639.
48. Suzuki H, Raska M, Yamada K, Moldoveanu Z, Julian BA, et al. (2014)
Cytokines alter IgA1 O-glycosylation by dysregulating C1GalT1 and ST6GalNAc-II enzymes. J Biol Chem 289: 5330–5339.
49. Leung JC, Poon PY, Lai KN (1999) Increased sialylation of polymeric
immunoglobulin A1: mechanism of selective glomerular deposition in immunoglobulin A nephropathy? J Lab Clin Med 133: 152–160.
50. Amore A, Cirina P, Conti G, Brusa P, Peruzzi L, et al. (2001) Glycosylation of
circulating IgA in patients with IgA nephropathy modulates proliferation and
apoptosis of mesangial cells. J Am Soc Nephrol 12: 1862–1871.

PLOS ONE | www.plosone.org

8

June 2014 | Volume 9 | Issue 6 | e99026

Enzymatic Sialylation of IgA1 O-Glycans

pathogenesis: critical evaluation of experimental evidence. APMIS 104: 321–
338.
80. Reinholdt J, Tomana M, Mortensen SB, Kilian M (1990) Molecular aspects of
immunoglobulin A1 degradation by oral streptococci. Infect Immun 58: 1186–
1194.
81. Corfield T (1992) Bacterial sialidases–roles in pathogenicity and nutrition.
Glycobiology 2: 509–521.
82. Severi E, Hood DW, Thomas GH (2007) Sialic acid utilization by bacterial
pathogens. Microbiology 153: 2817–2822.

PLOS ONE | www.plosone.org

83. King SJ (2010) Pneumococcal modification of host sugars: a major contributor to
colonization of the human airway? Mol Oral Microbiol 25: 15–24.
84. Lewis AL, Lewis WG (2012) Host sialoglycans and bacterial sialidases: a mucosal
perspective. Cell Microbiol 14: 1174–1182.
85. Hastings MC, Moldoveanu Z, Suzuki H, Berthoux F, Julian BA, et al. (2013)
Biomarkers in IgA nephropathy: relationship to pathogenetic hits. Expert Opin
Med Diagn 7: 615–627.

9

June 2014 | Volume 9 | Issue 6 | e99026

